In order to clarify the relationship between polyploidization and the capability of phenotypic switching in the imperfect yeast Candida albicans, two types of variants were isolated as segregants from a fusant, which produced a proportion of the cell population with a higher ploidy than the rest, either in a temperaturedependent or -independent manner, when incubated at low (28°C) and high (37°C) temperatures. In the case of the temperature-dependent type of variants, high-ploidy cells appeared at 37°C but rarely at 28°C. This phenotype was named Pldts (temperature-sensitive polyploidization), and the temperature-independent phenotype was called Pld-. The appearance of high-ploidy cells in the culture of the Pldts strain at 37°C was accompanied by a significant increase in the frequency of auxotrophic variants; these variants probably occur as a result of segregation of auxotrophic markers from the heterozygous to the homozygous state. Both Pldts and Pld-phenotypes were recessive in a fusion with a Pld+ parent. An adenine auxotrophic marker (adel) was introduced into a Pldts strain in a heterozygous state, and the individual high-ploidy cells of this strain, grown at 37°C, were micromanipulated to form colonies, which consisted of red and white sectors appearing at high frequency on a pink background. When the adel auxotrophy was introduced into Pld-strains, frequently sectored colonies were produced. These results suggested an increased level of chromosome missegregation in both types of Pld mutants. Analyses by pulsed-field gel electrophoresis of Ade-segregants, derived from a micromanipulated high-ploidy cell of a Pldts strain, suggested the occurrence of nonreciprocal recombination, some of which includes chromosome loss.
The dimorphic and pathogenic yeast Candida albicans is diploid as commonly isolated (17) , and no sexual cycle has been observed for it (23) . Diploidy seems to endow this organism with genetic stability in the short run, since a recessive mutation cannot be expressed until it exists in a homozyogous state after the occurrence of mitotic recombination. However, in the long run, the organism is postulated to accumulate recessive mutations and chromosome rearrangement. Some phenotypic variation (often called phenotypic instability or switching) has been reported to occur in this organism: Slutsky et al. (25) showed that the colony phenotype of azparticular strain, 3153A, changed at a frequency of 10-2 to 10-, which is too high to be a result of mutation. Later, the same laboratory reported a second form of colony morphology variation, smooth-opaque (4, 26) . Suzuki et al. (28) found that the concomitant changes in the banding pattern of chromosomal DNA took place during switching between the smooth and the semirough types in a clinical isolate of this organism. Rustchenko-Bulgac and her coworkers (20, 21) showed further association of chromosomal rearrangement with some type of colony morphology variations in strain 3153A.
Although many C. albicans strains are diploid (18, 32) , some are polyploid and show the phenomenon called ploidy shift. Diploid (or lower-ploidy state) cells in a population of the strain enter G2 arrest and then bypass the M phase, resulting in an upshift of ploidy state; tetraploid (or higher-ploidy state) cells engage in reductional nuclear division during the downshift of the ploidy state, producing diploid (or lower-ploidy state) daughter cells (27) . The process of the ploidy shift in C. (10) for C. albicans were used. Evaluation of the complementation of the adenine auxotrophs was also according to Kakar et al. (10) . Mild Kilmartin and Adams (11) . For quantitative analysis, cells were washed by centrifugation (10,000 x g for 30 s) and stained with these antisera in a 1.5-ml polypropylene tube. After the staining, cells were transferred onto the surface of a slide glass, and DNA regions of these cells were double stained with (4',6-diamidino-2-phenylindole), as described previously (28) . An Olympus BH2-RFK microscope was used with a combination of UG1, DM400, and L435 filters or with a combination of BP490, EY455, BM500, and 0515 filters.
Fluorescence microscope photometry. Yeast cells were harvested from YPD media, fixed in 50% (vol/vol) ethanol, washed twice with 5 mM Na2 EDTA (pH 7.5), and incubated at 37°C for 60 min in a 10 mM Tris-HCl buffer (pH 7.5) containing 0.05 M NaCl and RNase A (1 mg/ml). Then the cells were stained with propidium iodide (10 ,ug/ml) and examined by fluorescence microscope photometry using a Zeiss MPM03FL photometer as described previously (27 (14) . The Pulsaphor system (Pharmacia-LKB) equipped with an LKB 2015-100 hexagonal electrode kit was used as described previously (29 determined DNA contents per cell of the four strains were observed. The broad distribution profile was found for the DNA content per nucleus in each of the four segregants. The existence of anucleate cells was observed for each of the segregants and accounted for 10% of the population. The fusant showed a homogeneous colony size when plated out, but all of the four segregants showed a characteristic heterogeneity of colony size on YPD plates at an early stage of incubation: after incubation for 2 days at 28°C (or 37°C), the colonies varied in size from 0.2 to 5 mm. When one of the small colonies was restreaked on another YPD plate and incubated for 2 days, the same mixture of colony sizes appeared. The large colonies behaved similarly. When these various-size colonies were incubated for a further 2 to 3 days, the small ones continued to increase in size; finally, it became impossible to distinguish the large from the small. These features were the same for a clinical isolate of this organism, NUM51, which performed the ploidy shift between near diploid and near tetraploid, as had been described previously (27 Fig. 2A) . Incubating at 37°C, stationary-phase cells of the segregant consisted of two peaks, corresponding to the G1 and the G2-M DNA contents of the cells at 28°C. Furthermore, the latter one was the predominant fraction and constituted more than half of the population (Fig.  2C) . A distribution profile similar to that in Fig. 2C was obtained for each of the cultures at both temperatures of the above four Pld-segregants (data not shown). The nuclei of the large cells of segregant 31-30 grown at 37°C had the G2-M DNA content. Large nuclei with four times the DNA content of the GI peak were reproducibly observed to occur at a frequency of 1% or less, and the cells having such a large nucleus consisted of an ellipsoidal mother sphere with an elongated allantoid daughter bud (Fig. 3B) . These large cells were called high-ploidy cells. The log-phase culture of the segregant at 37°C showed a broad DNA distribution profile and a percentage of cells with a high DNA content that was four to eight times that in the log-phase cells incubated at 28°C (Fig. 2B and D) . High-ploidy cells, either binucleate or mononucleate, up to 20 lim in length, constituted a small percentage of the cells at 37°C.
Increase in frequency of auxotrophic segregation in Pld' variants. Cells of segregant 31-30, cultured at 37°C for more than six generations, were plated and incubated on YPD at 28°C to form colonies. By replica plating these colonies on MIN (plus Lys and Trp) plates, segregation of additional auxotrophic markers was examined. His-segregants appeared at a frequency of 8.7 x 10-1 (Table 2 ). In a control culture at 28°C, the frequency was 2 x 10-4, and a significant difference was detected between the two different temperature treatments. The fusant gave auxotrophic segregants at a frequency of 10-4 at both temperatures. Thus, the frequency of segregant 31-30 at 37°C seemed to be high. Among 80 His-segregants, 39 were Pld+, 37 were Pldts, and 4 were Pld-. Three of the four His-segregants that were obtained from the culture at 28°C had the Pld+ phenotype, and the remaining one was Pld'. This Pldts segregant was called 28-1 and gave 40 ± 1 fg of DNA per cell at 28°C or 45 ± 2 fg at 37°C.
To examine whether the increase in frequency of auxotrophic segregation was related to the Pld' phenotype, segregant 28-1 was back-fused with NARA2. Prototrophic fusion products were selected on MIN-sorbitol. Among four fusants, two were Pldts and the others were Pld+. One strain of the Pldts fusants, KSF1, and one of the Pld+ fusants, KSF4, were examined for their segregation behavior. The KSF1 strain, cultured at 28°C, gave 67 ± 2 fg of DNA per cell and produced auxotrophic segregants at a frequency of 1.1 x 1i0-4. This strain gave 73 ± 2 fg of DNA per cell at 37°C and a significant increase in the frequency of auxotrophic segregation (7.7 x 10-3) at this temperature (Table 2 ). In the case of the Pld+ KSF4, whose DNA content was measured to be 71 ± 2 fg per cell at both temperatures, no significant difference was detected in the frequency between the two temperature treatments. The spectra of auxotrophic markers which segregated from KSF1 after the 37°C treatment were not limited to any specific set: Met-and Pro-auxotrophs segregated more frequently together than they did separately, and Trp-cosegregated once with Met-and Pro-and once with His-. There was only one Lys-segregant, and it did not cosegregate with either Met-or Pro-. From (27) . Attempts were made to visualize the nuclear spindles of strains 31-30 and KSF1 and Pld-segregants by indirect immunofluorescence using anti-yeast tubulin antibodies. As an example, a mitotic small cell of KSF1 at 37°C was shown to have a spindle of the same dimension as those cultured at 28°C (Fig. 3A) . However, large cells at 37°C have mitotic spindles of a larger dimension. Various stages of microtubule structures in the cell cycle were observed in those large cells (Fig. 3B) . One cell seemed to be in interphase. After the culture containing such large cells was transferred to 28°C, multinucleate cells appeared within 2 h (Fig. 3C) . Multiple budding is also found, and some of the nuclei are entering into the budding daughter cell. A small nucleus is also observed, as indicated by an arrow. We found that the same features were observed on the mitotic spindles of the other strains, 31-30 at 37°C and Pld-segregants at 28°C (and also at 37°C). Therefore, the large cells in these Pld-and Ordering of the events of ploidy shift and auxotroph segregation. A question arose as to whether the event producing high-ploidy cells was the cause or effect of a variation event evoking segregation of auxotrophic markers in this organism. To answer this question, the order of events was examined, with the Pldts strains of C. albicans, to determine which of the two events occurred first after the incubation temperature was shifted from 28 to 37°C. The cultures of KSF1 showed exponential growth, and the doubling time was 120 min at 28°C or 115 min at 37°C. The cultures of KSF4 also showed exponential growth, and the doubling time at 28°C was 120 min but 105 min at 37°C. The occurrence of anucleate cells in the culture of KSF1 at 37°C seemed to be due to the slight increase in the doubling time, compared with that of KSF1 at 37°C. The frequencies of occurrence of both high-ploidy cells and auxotrophic segregants were monitored on the culture of the PldtS strain, KSF1, which was transferred from 28 to 37°C (Fig. 4) . To identify high-ploidy cells under a fluorescence microscope, cells of KSF1, monitored at intervals, were fixed and stained with 4',6-diamidino-2-phenylindole. Aliquots of adequate dilutions of the cell suspension from the same culture were plated on YPD and incubated at 28°C for 4 days, and the colonies formed were replica plated to MIN to count auxotrophic segregants. The percentage of high-ploidy cells in the culture of KSF1 increased at 4 to 5 h after the temperature shift, from less than 1% to 5 to 8%. However, the increase in frequency of auxotrophic segregants from the same culture started a few hours after the increase of high-ploidy cells. As a control culture, Pld+ KSF4 was similarly examined, and its data showed no increase in either high-ploidy cells Table 4 shows that fractionated high-ploidy cells of KSF1 from a 12-h culture at 37°C gave increased frequencies of occurrence of auxotrophic segregants, compared with the unfractionated culture. As a control culture, the Ficoll density fraction of Pld+ KSF4 (at the same boundary between 20 and 30%) contained pseudohyphal cells, but no significant increase was found in the frequency of segregants. These pseudohyphal cells of strain KSF4 had nuclei of uniform size, and no high-ploidy cells were observed among them.
Construction of a red adenine-requiring strain with the Pldts or Pld-phenotype. The reiteration of the 37°C treatment of KSF1 gave a Met-Pro-Pldts auxotrophic segregant and then a Met-Pro-Lys-Pldts segregant from the first segregant. Among the colonies plated from the culture of the last segregant, we happened to find a pink one, from which the strain named SGF1 was isolated. SGF1 seemed to carry a heterozygous adenine-requiring mutation. The DNA content per cell of SGF1 was 44 ± 2 fg at 28°C or 51 ± 2 fg at 37°C. In order to obtain a diploid homozygous adenine-requiring strain, a spontaneous adenine-requiring strain, SGF7, was isolated from 7,500 colonies cultured at 28°C. SGF7 carried the methionine, proline, lysine, and adenine auxotrophies, forming red colonies on YPD. This strain also showed the Pld's phenotype.
Fusion of this strain with 126-Al (ade2/ade2 Met-) gave fusants at a frequency of 10-4 per parent and produced microcolonies hundreds of times more frequently than fusants, the production of which seemed to indicate complementation between the relevant adenine mutation of SGF7 and the ade2 marker. Fusion of SGF7 with strain 1435 gave recombinant fusion products at a frequency of 10-7 per parent and apparently no complementing microcolonies. Therefore, the adenine mutation of SGF7 was assigned to the same complementation group as adel of strain 1435. Next, a pink adenine revertant of SGF7 was isolated spontaneously. The frequency of reversion of Ade-to Ade+ was 4 x 10-6, and a representative pink Ade+ revertant was named SGF7-2. SGF7-2 was assumed to be heterozygous for the adenine auxotrophy. The DNA contents of both SGF7 and SGF7-2 were 40 ± 1 fg per cell at 28°C and 45 ± 2 fg per cell at 37°C. SGF7-2 behaved like the original Pldts strain. The frequency of colony morphology variation was increased in SGF7-2 grown at 37°C (Table 5 ). Large cells of SGF7-2 at 37°C, collected after Ficoll density gradient centrifugation, gave a further increase in the frequency of segregation of colored-colony variants (Table 5 ). This strongly indicated that the large high-ploidy cells of SGF7-2 showed a higher frequency of segregation of the adel marker than the predominant small cells. Although these temperature-shifted cultures gave increased frequencies of production of both white and red colonies, some were sectored ( Table 5 ). The white colonies were assumed to reflect the homozygous state of ADE1. Another finding was an appearance of very frequently sectored colonies; one type was very frequently red on a pink background, and the other type was very frequently white on a pink background. By replica plating, half-red colonies from SGF7-2 were shown to correspond to adenine auxotrophs, but both the white and pink areas corresponded to Ade+. However, the very frequently red area of a colony from SGF7-2 was too small to be identified by replica plating as the area of adenine auxotrophs. By fluorescence microscopy, all of these very frequently sectored colonies contained high-ploidy cells at high frequencies (2 to 10%). The cultures of these frequently sectored isolates, incubated at 28 as well as 37°C, had chemically determined DNA contents per cell varying between 50 and 70 fg among isolates. Subculturing of such very frequently sectored colonies gave the same type colonies as well as uniformly colored ones. In such a uniformly colored colony, no high-ploidy cells could be observed in the population. The occurrence of high-ploidy cells in the subcultures of the frequently sectored colonies was apparently temperature independent: both at 28°C and at 37°C, subcultured cell populations had high-ploidy cells at 2 to 10%. Therefore, these frequently sectored colonies were assumed to consist of the population of Pld-cells. This also indicated that the very frequently sectored colonies reflected the occurrence of frequent variations in the zygotic state of adenine genes in a clone. One representative Pld-clone, derived from SGF7-2 at 37°C, was designated as clone 5. Compared with these Pldclones, the Pldts segregants from SGF7-2 showed a rarely Genomic instabilities of high-ploidy cells shown by micromanipulation. To obtain direct evidence of the correlation between the production of high-ploidy cells and the increase in frequency of variations, large cells in the high-ploidy state were micromanipulated from the SGF7-2 (PldtS) culture grown at 37°C or from the clone 5 culture grown at 28°C, transferred onto YPD, and allowed to form colonies (Table 6) Chromosome rearrangement occurred in the high-ploidy cells. The chromosome-size DNAs of two representative segregant colonies from micromanipulated high-ploidy cells of SGF7-2, each of which consisted of a red adenine-requiring sector and a pink sector, were examined by pulsed-field gel electrophoresis (Fig. 5) . The two genes rDNA and ADEI have been shown to be linked to each other on the R chromosome of this organism (3, 33) . In SGF7-2, rDNA and ADE1 were found on two chromosomal DNA bands of different size; one was 2.8 Mbp, and the other was 2.6 Mbp (Fig. 5, lanes 1, 7, and  13 ). On the other hand, ADE2 was found hybridized to a band below 2.3 Mbp (data not shown). One representative of small red colony-producing clones from a high-ploidy cell of SGF7-2 showed only one band of 2.6 Mbp, which was hybridizable to both rDNA and ADEI, suggesting that the other 2.8-Mbp chromosome had been reduced to 2.6 Mbp (Fig. 5, lanes 2, 8,  and 14) . Two representative half-sectored colonies with a pink sector and a red sector were also examined. Each of the two sectors, which originally derived from the two sister cells produced by a high-ploidy cell of SGF7-2, had lost the 2.8-Mbp band and, instead, contained a new 2.3-Mbp band. The rDNA was found existing on these new chromosomal bands; however, the gene homologous to ADE1 had been lost on the 2.6-Mbp bands in clones from red strains (Fig. 5 , lanes 3 to 6, 9 to 12, and 15 to 18). This indicated that chromosome breakage, followed by deletion (or translocation) of the fragment containing ADE1, had occurred on the 2.6-Mbp band (Fig. 6 ).
DISCUSSION
The occurrence of high-ploidy cells is a universal phenomenon in C. albicans. Van der Walt and Pitout (31) described a derivative of strain CBS5736 of this organism, in which presumed haplophase yeast cells developed into diplophase cells after karyogamy and mycelial formation occurred in the diplophase. Their observations have never been repeated. One of us described a similar phenomenon in a clinical isolate (NUM51) of this organism, but the existence of haplophase was not observed: the population of NUM51 contained both diploid and tetraploid (or high-ploidy) cells (27) . By fluorescence microscope photometry and thin-section electron microscopy, some diploid cells seemed to be undergoing endomitosis to become tetraploid (or high-ploidy) cells while some tetraploids showed nuclear structures similar to those of meiosis II in Saccharomyces cerevisiae and multiply budded to (8, 9) . The chromosomes of FC18 were used as a reference for each electrophoretic separation (not shown). Arrow, the band which hybridized with the ADE2 probe (13 6 . R chromosome of SGF7-2 and its derivative isolate forming red and pink sectors. At 37°C, the cell of SGF7-2 carried out an upshift of ploidy, followed by chromosome rearrangement. ADEI was linked to the rDNA cluster (dotted lines). Changes in the size of the rDNA cluster are indicated by differences in the lengths of the dotted lines. Chromosome breakage, followed by deletion (or translocation) of the fragment containingADEI, is suggested to have occurred in one of the daughter cells.
produce diploid (or near-diploid) cells. This phenomenon was named ploidy shift. There seemed to be a ploidy shift in the creation of NARA2 in this work, because NARA2 was diploid and its progenitor NUM961 was triploid (28) . From NUM961, SRT1 was derived. SRT1 produced polyploid descendants by the ploidy shift and showed variation of colony morphology between semirough and smooth at high frequencies (28) . In this study, the correlation between the ploidy shift and the genetic stability was elucidated by the fact that micromanipulated high-ploidy cells gave rise to auxotrophic segregant colonies at high frequencies.
Cell fusion and segregation experiments in this study suggested the existence of a gene controlling the ploidy states in this organism. This does not exclude the possibility that more than one gene may participate in determining the state of ploidy. If one can assume a single gene to explain three different phenotypes of ploidy states, Pld+, Pldts, and Pld-, the following working hypothesis seems to be most plausible. This hypothesis includes an assumption that temperature dependency of the Pld phenotype is due to both the gene dosage of pld and its ratio to PLD, by the analogy of known Cdc phenotypes in S. cerevisiae (7) (2) . Some of these mutations are assigned to alleles of CDC31, which is required for spindle pole body duplication, and some are allelic to BEM2, required for normal bud growth. On the other hand, three categories of genetic defects are known to lead to genomic instability in S. cerevisiae (6, 7) . Mutations in DNA repair processes, in cell cycle control, and in the machinery for DNA replication and chromosome segregation are known to cause genomic instability (15) . Production of high-ploidy cells in C. albicans seems to be a result of G2-M phase delay due to some genetic factor(s) which also affects processes leading to chromosome missegregation in this organism. Faithful distribution of daugh-and whether the point is a specific site on the chromosome remain for further investigations. The SfiI genomic structure map devised by Chu et al. (3) also will greatly aid this analysis.
